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I.  INTRODUCTION 


The  use  of  highly  reactive  metals  such  as  lithium,  aluminum,  or  zinc  for 
battery  electrodes  is  quite  attractive  because  of  their  intrinsically  high 
energy  densities.  However,  along  with  the  high  reactivity  of  the  metals  comes 
the  problem  of  protecting  the  metal  surface  from  reaction  with  the  solvent 
while  maintaining  high  electrochemical  activity.  Typically,  a  protective  film 
forms  on  the  metal  surface  and  limits  further  reaction  between  metal  and 
solvent.  The  protective  film  usually  results  from  a  corrosion  reaction  and 
should  not  necessarily  be  considered  the  same  as  passivating  films  that  may 
form  on  metal  surfaces  as  products  of  anodization.  The  electrode  may  not  work 
effectively  if  the  film  provides  much  additional  electrochemical  impedance  to 
the  charge  transfer  process.  The  impedance  of  a  surface  film  presents  a  par¬ 
ticularly  significant  problem  when  high  current  loads  are  applied  to  the  elec¬ 
trode,  since  the  film  must  be  disrupted  before  effective  operation  can  take 
place.  This  problem  typically  is  indicated  by  a  sudden  fall  in  voltage  when 
the  load  is  applied,  followed  by  a  rise  in  voltage  to  usable  levels  as  the 
protective  film  is  disrupted  —  a  phenomenon  often  termed  "voltage  delay"  in 
the  battery  literature.*  A  preconditioning  procedure  may  sometimes  be  used  to 
minimize  voltage  delay.  It  involves  discharging  the  electrode  for  some  period 
of  time  prior  to  applying  the  high  current  load,  and  may  disrupt  the  film.  If 
the  load  is  applied  before  substantial  film  reformation  occurs,  the  voltage 
delay  will  be  reduced. 

This  study  has  two  purposes.  The  first  is  to  gain  an  understanding  of 
the  chemical  and  physical  processes  at  electrode  surfaces  that  control  the 
voltage-delay  phenomenon.  We  examine  those  processes  on  several  metals  com¬ 
monly  used  as  battery  electrodes,  and  analyze  the  kinetics  of  the  voltage 
delay  in  relation  to  reaction  rates,  as  well  as  to  film  structures  and 
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composition.  This  report  presents  the  Initial  theoretical  groundwork  for 
analyzing  voltage-delay  data.  The  process  considered  Involves  an  Initially 
film-covered  surface  that  is  disrupted  either  physically  or  electrochemically 
by  the  passage  of  current.  The  kinetics  of  the  film  formation/disruption 
processes  are  investigated  in  some  detail,  and  equations  are  developed  for 
evaluating  experimental  data. 

The  second  purpose  of  this  study  is  to  develop  an  understanding  of  the 
parameters  that  control  the  severity  of  voltage  delay.  A  fundamental  under¬ 
standing  of  the  mechanisms  that  give  rise  to  voltage  delay,  coupled  with  the 
parametric  data,  should  establish  the  conditions  that  minimize  voltage  delay 
in  battery  systems. 


II.  THEORY 


The  following  three  reactions  describe  a  general  flln  formation/disrup¬ 
tion  process  occurring  In  conjunction  with  an  elect rochenical  reaction: 

_  Ki 

M(c)  +  A  +  mB  +  AB  +  M  +  me  (1) 

in 

.  k2 

M  +  pC  ♦  MCp+  Pe  <2> 

K3 

2M  +  D  -*■  M>  +  M(c)  (3) 

In  reactions  (1)  through  (3),  M  denotes  the  metal  surface;  M(c),  the  film- 
covered  metal  surface;  and  A,  B”,  C~,  and  D,  generalized  chemical  reagents. 
The  number  of  electrons  transferred  In  reactions  (1)  and  (2)  are  m  and  p, 
respectively.  Reaction  (1)  signifies  either  electrochemical  or  physical  dis¬ 
ruption  of  surface  coverage  as  a  result  of  charge  transfer.  For  physical 
disruption  of  the  coverage,  A  Is  the  metal;  and  for  electrochemical  disrup¬ 
tion,  A  is  the  reagent  covering  the  surface.  Reaction  (2)  Is  the  electrode 
reaction  that  oxidizes  the  exposed  metal  surface  and  discharges  the  battery 
half-cell.  Reaction  (3)  Is  a  chemical  corrosion  process  that  regenerates  the 
metal  surface  coverage.  If  the  relative  surface  coverage  Is  8,  and  8  Is  the 
maximum  superficial  density  of  the  surface  film  in  mol/cm^,  the  anodic  current 
may  be  written  as 


where  F  Is  Faraday's  constant.  In  Eq.  (4)  It  is  assumed  that  reactions  (1) 
through  (3)  are  elementary  reaction  steps  in  the  sense  that  they  describe  the 
kinetic  dependence  of  the  system  on  composition,  concentrations,  and  surface 
coverage.  The  rate  of  surface-coverage  change  is  given  by 

*  ||  -  -  Ve|«“l-  +  K^U  -  8) [Dj  (5) 

which  may  be  rewritten  as 

||  -  K^D]  -  SO^tlf  lm  +  K3[D]}  (6) 

The  rate  constants  Kj  and  K2  are  assumed  to  be  voltage  dependent  as  defined  by 
Tafel's  law: 


Kj  -  kj  exp(-bjV)  (7) 

where  kj  and  bj  are  constants  and  V  is  potential.  The  surface  coverage  8  is  a 
function  of  time  and  voltage,  as  obtained  by  integration  of  Eq.  (6), 

e(V,t)  -  (Sj  -  0f)  e "6t  +  8f  (8) 

where  G  ■  K|[B"J*/(1  -  Of),  8 ^  is  the  initial  surface  coverage,  ■  y/( 1  +  y) 
is  the  final  surface  coverage,  and  Y  ■  KolDj/K^lB-’]111. 


A.  FARADAIC  IMPEDANCE  TO  A  VOLTAGE  STEP 

The  faradaic  Impedance  for  reactions  (1)  through  (3)  may  be  determined 
from  the  response  of  the  system  to  a  change  in  potential,  AV  -  V  -  Vf: 

~  ao^®)  -  p6[c"]p  A[(1  -  e>K2]  (9) 


Equation  (7)  allows  the  response  AZ  to  be  expressed  as  a  function  of  the  sur¬ 
face  coverage  0(V,t)  and  the  partial  currents  Ij  and  I2: 

AI  -  I2(Vf)  -  I2(V1)  +  e(vt,t)  I12(vt)  -  6(Vf,t)  I12(Vf)  (10) 


where 


l!<V) 

I2(V) 

Il2(V) 

The  time  dependence  may 

(10), 


-  mF0(B_J®  kj  exp(-b1V) 

-  pFg[C_Jp  k2  exp(-b2V) 

-  I2(V)  -  IL(V) 

be  expressed  explicitly  by 


(Ha) 

(lib) 

(He) 

combining  Eqs.  (8)  and 


Al  -  U.  +  U,  expI-G(V.)t]  +  U.  exp[-G(V.)t] 


(12) 


where 


U1  “  W  “  W  +  W  1i2(Vi)  "  W  Il2(Vf)  (13a) 
U2  "  I12(Vi)  [ei  "  W1  (13b) 
u3  “  -  I12<Vf)  f®i  -  W1  (13c) 


The  faradalc  impedance  Zp  as  a  function  of  frequency  is  defined  as 


1  _  AI(u) 

Z^T«T  "  Avftiy 


(14) 


The  Laplace  transforms  of  the  voltage  step  perturbation  and  the  current 
response  in  Eq.  (12)  may  be  substituted  in  Eq.  (14)  to  give 


!  Ut  JuU2  _ 

Z~?uT  ”  AV  +  AV( J<o  +  G(V1)]  +  AV[ Jco  +  G<Vf)] 


(15) 


The  equivalent  circuit  for  an  Impedance  of  this  form  is  displayed  in  Fig.  1. 
The  Impedance  of  the  equivalent  circuit  of  Fig.  1  is  most  conveniently  written 
as 


1 

1757 


JwC2  jwC3 

rr-jar2  +  1  +  ■ 


(16) 


The  capacitances  C2  and  C3  may  take  on  negative  values  if  U2  or  U3  in  Eqs. 
(13b)  and  (13c)  are  negative,  and  therefore  the  net  impedance  of  this  equiva- 
lent  circuit  may  be  inductive  under  some  conditions. 
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1 


_  A  V 

R2  "  Uj 


R„ 


T  2 


R2C2 


g^T 


R3C3 


Gf^T  "  T  3 


Figure  1.  Equivalent  Circuit  for  Faradalc  Impedance 


Often  Impedance  is  measured  under  conditions  in  which  only  small  changes 
in  the  voltage  occur  during  the  measurement.  Under  such  conditions  the  above 
analysis  of  the  impedance  to  a  voltage  step  may  be  simplified  somewhat: 


AI  -  0FAV{p[C'jP  k2b2[l  -  0  (t ) ]  +  m[B~)"  kjbj  0(t)}  (17) 


Here  it  is  assumed  that  AV  is  sufficiently  small  such  that  6  may  be  approxi¬ 
mated  as  a  function  of  time  only,  and  that  the  voltage  in  Eq.  (7)  is  permitted 
to  change  only  a  small  amount  from  its  equilibrium  value  (linear  approxima¬ 
tion).  In  this  case  the  Impedance  is  given  by  the  equivalent  circuit  of 
Fig.  1,  where  Rj  and  are  no  longer  present,  and 


11 


Rj  -  ($F(pl<f  ]p  k^U  -  ef>  +  ^b^})”1  (18a) 

R2  -  (PF(6t  -  ef)  {k1b1»[B“lm  -  k^lc'jp})"1  (18b) 

t2  *2°2  mh  1  (18c) 


This  result  is  particularly  useful  because  these  equivalent-circuit  elements 
are  independent  of  AV.  Therefore  this  equivalent  circuit  is  valid  for  imped¬ 
ance  measurements  that  apply  a  current-step  perturbation  to  the  electrode 
while  monitoring  the  electrode  voltage  response,  as  long  as  the  voltage 
changes  only  a  small  amount  from  the  equilibrium  voltage. 

B.  FARADAIC  IMPEDANCE  TO  A  CURRENT  STEP 

The  faradaic  Impedance  of  reactions  (1)  through  (3)  when  a  current 
step  AI  is  applied  to  the  electrode  may  be  determined  from  Eq.  (4): 


AI  -  -  mF8[B"]m  K^V.t)  6(V,t)  -  pFp{<f  ]P  K^V.t)  [1  -  6(V,t)J  (19) 


Since  in  this  case  the  voltage  is  not  controlled,  it  is  in  general  a  function 
of  time,  and  therefore  Kj ,  K2,  and  6  are  functions  of  both  voltage  and  time. 
Equation  (19)  must  be  solved  numerically  by  a  successive  approximation  tech¬ 
nique  to  yield  the  general  response  AV(t)  to  a  current  step  AI.  A  numerical 
Laplace  transform  of  AV(t)  allows  the  faradaic  Impedance  to  the  current  step 
to  be  calculated  using  Eq.  (14),  and  it  permits  calculation  of  the  voltage 
function  observed  when  a  load  is  suddenly  switched  on. 


The  procedure  of  numerical  analysis  is  rather  cumbersome  and  may  be 
simplified  in  situations  for  which  only  small  changes  from  the  equilibrium 
voltage  occur  as  a  result  of  the  current  step.  The  equivalent  circuit  in  this 


X 


case  is  the  same  as  in  the  case  of  a  small  voltage  step,  as  defined  by  Eq. 
(18).  In  that  region  of  AV  and  AI,  the  equivalent-circuit  elements  are 
Independent  of  both  AI  and  AV  and  are  functions  of  surface  coverages  and 
kinetic  parameters  only.  The  linear  approximation  that  may  be  made  in  the 
case  of  small  changes  in  voltage  allows  the  time  dependence  of  AV  to  be 
expressed  as 


(a  AV(t)  - - — - — - - -  (20) 

P  -  $F{mlB  ]*  k^e  +  p[C  Jp  k2b2(l  -  0)) 

[ 

!• 

where  the  time  dependence  is  governed  by  the  variation  of  6  with  time. 

C.  OVERALL  ELECTRODE  IMPEDANCE 


The  overall  Impedance  of  a  metal  electrode,  indicated  in  the  equivalent 
circuit  below.  Includes  contributions  from  the  double-layer  capacitance  CDL* 
electrolyte  resistance  Rg,  and  the  Impedance  arising  from  diffusion  of 
reagents  at  the  surface  ZD,  as  well  as  the  faradalc  impedance  Zp. 


t- 

r' 

K 


The  faradalc  Impedance  is  given  by  Eq.  (15),  and  the  diffusion  Impedance  is 
most  conveniently  expressed  as 


ZD  "  (1  “  tanh  [j  (^S)1/2J 


(21) 
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where  a  is  a  Warburg  coefficient;  6,  the  thickness  of  the  diffusion  layer;  and 
D,  the  diffusion  coefficient  for  the  diffusing  species.  In  the  calculations 
in  the  next  section,  t.'-®  contribution  from  ZD  will  be  neglected  for 
simplicity. 


111.  RESULTS 


Several  approximations  may  be  used  to  simplify  the  treatment  presented  In 
Sections  I  and  II.  The  foremost  of  these  can  be  made  when  only  small  voltage 

changes  occur  during  the  measurement  of  electrode  Impedance.  To  determine  the 

range  of  usefulness  of  this  linear  approximation.  Table  1  compares  the  equiva¬ 
lent  circuit  of  the  linear  approximation  with  the  actual  equivalent  circuit 
for  different  voltage  changes.  For  the  approximation  to  be  within  10  percent 
of  the  actual  circuit,  AV  must  be  IS  to  20  mV  or  less.  A  second  approximation 

that  is  helpful  is  to  assume  that  6  Is  a  function  of  time  only.  This 

assumption  allows  Eq.  (12)  to  he  simplified  so  that 


AI  -  U'  +  U '2  e_Gt  (22) 

U1  “  W  "  W  +  ®f  "  I12(Vf)1  (23a) 

°2  *  (0i  "  V  lI12(V  "  I12(Vf)J  (23b) 

These  simplifications  allow  and  Cj  to  be  eliminated  from  the  equivalent 
circuit  of  Fig.  1.  Figure  2  Indicates  the  maximum  change  In  coverage  6  [from 
Eq.  (8)]  as  a  function  of  change  In  voltage  AV.  The  maximum  change  occurs, 
approximately,  at 


G(Vj)/G(Vf) 

C  “  ln  G(V1)  -  G(Vf> 


(24) 


as  long  as  8f  Is  relatively  small.  The  results  of  Fig.  2  indicate  that,  for 
large  changes  In  surface  coverage,  errors  of  only  several  percent  or  less  will 


» 

l 


Tabic  1.  Coaparlson  of  Linear  Approximation  [Eq.  (18)]  to 
Exact  Model  (Fig.  1)  for  Varloua  Voltage  Changes 
AVs  -  b2  -  (0.12  V)-1,  kj  -  1.2  x  105  cm6  x 
aol“2  sec“*,  k^/k2  ■  0.5,  8*  4. A  x  10“®  aol/ca2, 
■  -  p  -  2,  [B“]  -  (C"l  -  7  x  10“3  aol/ca2 , 

0J  -  1.0,  flf  -  0.02. 


AV 

(volts) 

0.005 

0.025 

0.125 

Linear  approximation 

Rl  (fl) 

2.427 

2.427 

2.427 

(1/R2  +  l/Rj)”1  (Q) 

-4.839 

-4.839 

-4.839 

t  (sec) 

0.338 

0.338 

0.338 

Exact  solution 

Rl  (0) 

2.358 

2.163 

1.365 

R2  (fl) 

0.202 

1.034 

5.042 

t2  (sec) 

0.338 

0.338 

0.338 

R3  (Q) 

-0.193 

-0.818 

-1.771 

Tj  (sec) 

0.324 

0.275 

0.120 

(17*2  +  1/R3)"1  (0) 

-4.717 

-4.340 

-2.730 

Z  error 


2.9 


12.2 


77.8 


L_J - 1 _ i _ l _ l _ l _ l 

-in  -0.2  -ai  o  ai  a2  0.3 

AV,  volts 


Fig*  2.  Relative  Surface  Coverage  Change  as  Function  of  Fotentlal  Change 
for  Different  Initial  Fotentlalst  t  ■  la(6j/C()/(6j  -  Gjr) , 
kx  -  6  a  10*  <cm3/nol)*  nnc“l,  bj  -  (0.12  V)"1,  (»“]■  »  4$  *  10-6 
(■ol/cu3)*,  8t  -  1.0,  9f  -  0.02. 
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result  when  0  is  assuaed  to  be  independent  of  voltage.  This  assuaption  is  not 
generally  valid  if  A0  is  snail,  0f  is  large,  or  AV  is  aore  than  several 
hundred  aillivolts. 

The  dependence  of  the  faradaic  iapedance  on  AV  was  deterained  and  tabu¬ 
lated  in  Table  1.  The  total  electrode  iapedances  for  the  values  of  AV  in 
Table  1  are  indicated  in  Fig.  3,  in  which  the  negative  of  the  reactive  compo¬ 
nent  of  the  iapedance  is  plotted  as  a  function  of  the  resistive  coaponent  of 
the  impedance,  with  frequency  a  running  variable.  In  that  plot  the  upper 
quadrant  corresponds  to  capacitance  and  the  lower  quandrant.  Inductance.  A 

A 

double-layer  capacitance  of  200  pF/cm  and  an  electrolyte  resistance  of 
0.2  Q  were  assuaed.  The  linear  approximation  to  the  iapedance  [Eqs.  (18a) 
through  (18c)]  is  closely  approxiaated  by  curve  A  in  the  figure.  The  priaary 
effect  of  Increasing  AV  is  to  decrease  the  high-frequency  Halt  of  the 
faradaic  iapedance  RHf,, 


*HF  " 


(25) 


below  the  value  expected  from  the  linear  approximation  R^^, 

*ar«'  ["( 

The  value  of  R^p  in  Fig.  3  is  essentially  the  diameter  of  the  semicircle  in 
the  upper  (capacitive)  quadrant.  The  phenomenon  of  voltage  delay  is  experi¬ 
mentally  indicated  by  an  inductive  component  to  the  iapedance;  l.e.,  the 
iapedance  decreases  as  tlae  progresses  or  frequency  decresses.  The  inductive 
iapedance  aay  result  froa  a  negative  capacitance  and  resistance  in  the  equiva¬ 
lent  circuit. 

The  conditions  under  which  the  impedance  calculated  froa  this  aodel  aay 
be  inductive  and  give  rise  to  voltage  delay  are  of  interest.  Froa  Eq.  (18b) 


p[<f  ]p  ^ b2  +  0J,  ja[B  ]■ 
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RESISTIVE  COMPONENT, u  cm 


Electrode  Impedance  for  Deta  In  Table  1.  For  carve  A,  AV  -  5  mV, 
carve  1,  AV  •  25  mV,  curve  C,  AV  •  125  mV;  Eg  -  0.2  Q,  CpL  ■ 

200  uF/cm*.  Numbers  Indicate  angular  fraquandes  of  reactive  extrema 
and  nodes  In  Impedance. 


the  most  obvious  and  dramatic  way  to  obtain  a  negative  resistance  (linear 
approximation)  is  for  kjbjm(B~]B  <  k2b2P(C~]P*  This  situation  is  physically 
equivalent  to  requiring  that  the  net  current  be  initially  controlled  by  the 
rate  of  reaction  (1),  which  is  the  process  that  reduces  surface  coverage. 
Figure  4  indicates  the  electrode  impedance  for  various  ratios  of  kj  to  k2-  A 
net  inductance,  or  voltage  delay,  is  observed  only  when  <  k2»  assuming 
bjm(B“J®  “  b2plC”]P.  When  kj  ■  k2»  the  faradaic  Impedance  has  no  net  reac¬ 
tance,  thus  the  electrode  Impedance  reduces  to  a  simple  RC  equivalent  circuit. 
As  kj  becomes  greater  than  k2«  the  charge  transfer  resistance  of  reaction  (2) 
begins  to  control  the  impedance,  and  it  becomes  capacitive  at  all  frequencies. 

It  is  also  instructive  to  examine  the  effects  of  different  values 
of  0^  and  0^,  the  Initial  and  final  surface  coverages,  on  the  electrode 
impedance.  For  an  active  metal  electrode  that  is  initially  in  the  open- 
circuit  state  and  subjected  to  a  load  at  an  initial  time,  it  is  most  likely 
that  the  initial  surface  coverage  is  nearly  complete  and  that  the  final  sur¬ 
face  coverage  is  somewhat  less  than  complete.  The  impedance  (linear  approxi¬ 
mation)  for  an  electrode  of  this  kind  is  illustrated  in  Fig.  5  for  an  initial 
coverage  of  I  and  final  coverages  of  0,  0.5,  and  0.9.  As  A6  decreases,  the 
low-frequency  Impedance  Rj  decreases  without  affecting  Rjjp.  For  the  parame¬ 
ters  used  in  calculating  the  three  curves  in  Fig.  5,  Rj  is  proportional  to 

(k-2  +  “  k2)l_1  and  ^hfi  i8  Pr°P°rtional  to  1^2  +  “  k2)]“l.  Also 
Included  in  Fig.  5  is  the  Impedance  calculated  when  0^  <  0^. 

The  voltage  response  obtained  when  a  load  is  applied  to  an  electrode  must 
be  calculated  numerically  as  indicated  in  Section  II. B,  except  in  the  case  of 
small  voltage  changes,  when  Eq.  (20)  may  be  used.  For  larger  voltage  changes 
the  electrode  response  to  a  step  change  in  current  is  best  calculated  from  a 
numerical  solution  of  Eq.  (19),  with  the  double-layer  charging  term  C  dV/dt 
added  to  the  right-hand  side.  The  voltages  as  a  function  of  time  for  current 
changes  of  5,  20,  and  80  mA/cm^  are  plotted  in  Fig.  6.  The  voltage  delay  is 
present  even  for  small  current  changes.  Although  it  increases  rapidly  as  the 
current  change  Increases,  the  voltage-delay  magnitude  Increases  more  slowly 
than  does  the  voltage  drop  across  a  purely  resistive  element. 
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angular  frequencies  of  reactive  ext r cm  and  nodes 


AV,  mV 


0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0 


TIME,  sec 

Fig.  6.  Voltage  Transients  Calculated  in  Response  to  Different  Current  Steps. 
bl  -  *>2  -  (0.12  V)*1,  kj  -  1.2  x  io5  ca6  aol”2  sec”1,  l^/kj  -  0.5, 

S  -  4.4  x  IO”8  aol/ca2,  a  -  p  -  2,  [!”/  -  [C“l  -  7  x  IO”3  aol/ca3, 

“  1.0,  ■  0.02,  R,  -  1.0  Q,  Cjj^  ■  200  pF/ca^.  Electrode  surface 

area  was  assuaed  1  ca2. 
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IV.  CONCLUSIONS 


The  chemical  and  electrochemical  reactions  that  can  give  rise  to  voltage- 
delay  phenomena  at  active  metal  electrodes  may  be  effectively  modeled.  Com¬ 
parison  of  experimental  data  with  the  simple  model  described  here  should  allow 
the  adequacy  of  this  model  for  various  metal  electrodes  to  be  determined,  and 
It  should  help  suggest  means  of  controlling  passivation  delay.  If  data  are 
consistent  with  the  model,  the  magnitude  of  passivation  delay  should  be  most 
easily  affected  by  minimizing  either  the  magnitude  of  the  Inductive  component 
of  the  Impedance  or  the  Inductive  time  constant  t.  These  minimizations  may  be 
achieved  by  maximizing  the  forward  rate  of  reaction  (1)  relative  to  reaction 
(2),  i.e..  Increasing  the  relative  rate  of  the  reaction  that  disrupts  the  sur¬ 
face  coverage. 

For  a  real  electrode,  several  problems  have  not  been  dealt  with  In  this 
simple  treatment.  Foremost  among  these  Is  the  spatial  nonuniformity  in  cur¬ 
rent  distribution  on  an  electrode  surface  that  is  likely  to  develop  as  the 
surface  coverage  is  consumed,  an  effect  that  may  cause  the  surface  area  to 
change  with  time.  It  Is  possible  that  surface  roughness,  particularly  as  a 
contributor  to  a  nonuniform  current  distribution,  plays  a  major  role.  The 
importance  of  this  and  other  considerations  Is  probably  best  determined  by 
empirical  correlation  of  such  models  as  that  developed  here  with  experimental 
data. 


LABORATORY  OPERATIONS 


The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting  exper¬ 
imental  and  theoretical  investigations  necessary  for  the  evaluation  and  applica¬ 
tion  of  scientific  advances  to  new  military  space  systems.  Versatility  and 
flexibility  have  been  developed  to  a  high  degree  by  the  laboratory  personnel  In 
dealing  with  the  many  problems  encountered  In  the  nation's  rapidly  developing 
space  systems.  Expertise  in  the  l’s'-est  scientific  developments  Is  vital  to  the 
accomplishment  of  tasks  related  to  these  problems.  The  laboratories  that  con¬ 
tribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  vehicle  and  reentry  aerodynamics  and  heat 
transfer,  propulsion  chemistry  and  fluid  mechanics,  structural  mechanics,  flight 
dynamics;  high-temperature  the-rmomechanlcs,  gas  kinetics  and  radiation;  research 
in  environmental  chemistry  and  contamination;  cw  and  pulsed  chemical  laser 
development  Including  chemical  kinetics,  spectroscopy,  optical  resonators  and 
beam  pointing,  atmospheric  propagation,  laser  effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions,  atmo¬ 
spheric  optics,  light  scattering,  state-specific  chemical  reactions  and  radia¬ 
tion  transport  in  rocket  plumes,  applied  laser  spectroscopy,  laser  chemistry, 
battery  electrochemistry,  space  vacuum  and  radiation  effects  on  materials,  lu¬ 
brication  and  surface  phenomena,  thermionic  emission,  photosensitive  materials 
and  detectors,  atomic  frequency  standards,  and  bloenvlronmental  reaearch  and 
monitoring. 

Electronics  Research  Laboratory:  Microelectronics,  Ga  As  low-noise  and 
power  devices,  semiconductor  lasers,  electromagnetic  and  optical  propagation 
phenomena,  quantum  electronics,  laser  communications,  Ildar,  and  electro-optics; 
communication  sciences,  applied  electronics,  semiconductor  crystal  and  device 
physics,  radiometric  imaging;  mlllloeter-wave  and  microwave  technology. 

Information  Sciences  Reaearch  Office:  Program  verification,  program  trans¬ 
lation,  performance-sensitive  system  design,  distributed  architectures  for 
spaceborne  computers,  fault-tolerant  computer  systems,  artificial  intelligence, 
and  microelectronics  applications. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metal  matrix 
composites,  polymers,  and  new  forms  of  carbon;  component  failure  analysis  and 
reliability;  fracture  mechanics  and  stress  corrosion;  evaluation  of  materials  In 
apace  environment;  materials  performance  in  space  transportation  systems;  anal¬ 
ysis  of  systems  vulnerability  and  survivability  In  enemy-induced  environments. 

Space  Sciences  Laboratory:  Atmospheric  and  Ionospheric  physics,  radiation 
from  the  atmosphere,  density  and  composition  of  the  upper  atmosphere,  aurorae 
and  alrglow;  magnetospherlc  physics,  cosmic  rays,  generation  and  propagation  of 
plasma  waves  In  the  magnetosphere;  solar  physics,  Infrared  astronomy;  the 
effects  of  nuclear  explosions,  magnetic  storms,  and  aolar  activity  on  the 
earth's  atmosphere,  Ionosphere,  and  magnetosphere;  the  effects  of  optical, 
electromagnetic,  and  particulate  radiations  In  space  on  apace  systems* 


